Introduction
In 1996, the Technical Office of Kyushu (part of the Kyushu Regional Development Bureau, Ministry of Land, Infrastructure and Transport) and Fujita Corporation jointly developed a remotely controlled portable robot that could be installed in commercially-available construction vehicles [1] . Since then, eight portable robots have been deployed in local disaster-prevention centers administered by the Kyushu Regional Development Bureau (six in backhoes, one in a bulldozer and one in a crawler dump truck).
The performance of a portable robot (mounted in a backhoe and a crawler dump truck) was examined at the Kurokami River in Sakurajima Island (shown in Photo-1). This paper assesses performance of the system for tasks such as excavation, loading and transportation of earth.
Outline of the remotely controlled robot
Once disasters such as landslides occur, emergency response should be rapid in order to minimize loss of human life and prevent secondary disasters. To ensure safety of emergency workers, construction vehicles used to remove the collapsed soil and rock should be remotely operated purpose-built, remote control construction vehicles have previously been used in this type of work.
Photo-1 The performance of a portable robot (mounted in a backhoe and a crawler dump truck) at the Kurokami River in Sakurajima Island However, their low numbers, combined with the time and costs involved in their transportation, have prevented their widespread use. In order to overcome these problems, we developed a remotely controlled robot that can be easily and rapidly mounted on commercially-available construction vehicles, such as backhoes (shown in Photo-2), bulldozers and crawler dump trucks (shown in Photo-3). Table-1 shows the specification of robots for each vehicle.
The purposes of the tests
One of the aims of this paper is to examine the performance of the portable robot for common tasks such as excavation, loading and transporting when mounted on a backhoe and crawler dump truck. Another aim is to examine the performance of long-distance operation using a wireless local area network (WLAN).
Examination tests at Sakurajima Island

Outline of the tests
Portable robots were mounted on a backhoe (capacity of 0.45 m 3 ) and a crawler dump truck (capacity of 6 ton), and the vehicles simultaneously carried out excavation/loading (shown in Photo-4) and transportation (Photo-5) whilst under remote control. Photo-6 shows the remote control operation room. Figure-1 shows the overall view of the tests, and Figure-2 shows a schematic of the wireless local area networks. To examine the effectiveness of the proposed system, four test cases were carried out as shown in Table- Photo-4 Excavation /loading Figure-3 . The following results were obtained; (1) There was no measurable difference in performance between use of a wireless local area network (WLAN) system and the specified low-power wireless communication system. (2) It is well documented that the excavation performance of a purpose-built remotely operated backhoe using the specified low-power wireless communication system is 60% of that of a manned operated backhoe [2] . From Figure-3 , it is clear that the performance of the portable robot attached to a backhoe achieves this standard, whether under control from a WLAN-based or a specified low-power wireless communication system.
Performance of the crawler dump truck controlled by the portable robot
The performance of the portable robot-controlled crawler dump truck (shown in Figure-4 ) was estimated based on the cycle time and transportation soil volume in series of procedures (transportation with loading, unloading and transportation without loading). The performance of the crawler dump truck is shown in Figure-4 . The following results were obtained.
(1) From the "STEP-1" test, the transportation efficiency of a crawler dump truck with the portable robot is around 60% of that of manned crawler dump truck (including degradation in performance as the vehicle switched between different WLAN base stations). Without this degradation caused by roaming between base stations, the efficiency of the portable robot-controlled crawler dump truck may be greater than 70% that of a manned crawler dump truck (and almost same as for a specially built, remotely controlled crawler dump truck).
(2) In the case of the "STEP-2" test, it is relatively difficult to compare performance, as the transportation distance of "STEP-2" was longer than that of other cases. As the transportation distance increases, so the performance of the robot-controlled crawler dump truck tends to approach that of the manned crawler dump truck. In this final test, the allowed velocity of the crawler dump truck was higher than other cases. If this higher velocity had been used in the other tests, performance is likely to have increased. (3) The performance of crawler dump truck with the portable robot was 90 % of that of manned crawler dump truck. The efficiency of transportation was higher than that of excavation works because the procedure is usually simpler. However, as the test excavation soil volume was only 9m 2 , tests with higher soil excavation volumes should be carried out to compare the efficiency more accurately.
Examination test results for wireless local area network
In the "STEP-2" test, the applicability of wireless local area network communication system to the remotely-operated robot system was examined. The test was carried out by changing following parameters; 1) locations of base station and relay stations (1 and 2), 2) types and directions of antennas, 3) radio transmission power. The most effective combination of parameters is shown in Table- 3. In the test, the communication system was sometimes stopped due to the effect of roaming of crawler dump truck, and the major causes are detailed in Table- (1) Performance of the portable robot-controlled backhoe
The performance of the portable robot-controlled backhoe is greater than 60% that of a manned backhoe, and broadly comparable to that of purpose-built, remote control construction vehicles.
(2) Performance of the portable robot-controlled crawler dump truck An operator for crawler dump truck claimed that long periods of operation on irregular ground was difficult, as the irregularity produced a lot of vibration at the operator seat. On the basis of this claim, it is reasonable to use the remotely controlled unmanned crawler dump truck to reduce the operators' physical fatigue. As the vibration may also have detrimental effects on the crawler dump truck and the robot system, detailed inspections should be made after operations. (3) Wireless local area network system It is recommended that the locations and shapes (wider angles) of antennas of mobile objects and base / relay stations should be able to be easily changed in situ, in order to improve reception efficiency of radio waves where the ground slopes unevenly. Also, it is recommended that the antenna system should be changed from a single antenna system to a double antenna system because the modified system can solve the situation where the vehicle itself blocks radio waves.
Conclusions
From our tests, we have shown that a backhoe and crawler dump truck can be operated simultaneously by two remotely controlled portable robots at a relatively high level of efficiency.
In the case where a WLAN control system was used, it was shown that problems caused by roaming (e.g. switching control from one base station to another) can be easily solved using existing wireless communication technologies.
The focus of future development of this portable robot system will be to expand its application to hazardous and unpleasant works in general civil engineering projects, in addition to application to disaster prevention works. In order to expand the application areas, it is crucial to incorporate up-to-date visual information technologies, communication technologies and location identification technologies into the current system.
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